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Abstract
Overall decomposition of water into hydrogen and oxygen in presence of a heterogeneous photocatalyst has received prodigious 
attention due to its potential for the production of clean and recyclable hydrogen energy. However, most of the efficient 
photocatalysts developed till date, works primarily on ultra-violate range of light. To develop photocatalysts that can decompose 
water under more abundant visible range of light, efforts have already been made by researchers who basically tried to 
synthesize materials which have such a narrow band gap that they can utilize less energetic photons in visible range. To do so, 
the catalysts that they have prepared to exhibit high stability and to give decent reaction rate and quantum efficiency are of 
extremely complex structure. Moreover, cumbersome synthesis route involving doping of different materials, complicated core-
shell nanostructure preparation, etc is necessary in most of the cases. Here, we report a facile and efficient approach to facilitate 
photocatalytic water-splitting under visible light, in single step. We have modified Cu2O, a well-known p-type semiconductor 
having a band-gap ~2.1 eV, with RuO2 nanoparticles and used it as photocatalyst. We have observed that it has a possibility of 
near-stoichiometric overall water decomposition under visible light with appreciable quantum efficiency.
Selection and peer-review under responsibility of Organizing Committee of ICAER 2013.
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1. Introduction 
Overall  photocatalytic decomposition of water into hydrogen and oxygen in presence of a heterogeneous 
catalyst provides an excellent way of producing  hydrogen energy which can supersede conventional energy sources 
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by its capacity of zero carbon dioxide emission and its ability of utilization of solar energy, an effectively 
inexhaustible source of recyclable energy [1][2]. As this route does not involve any external electrical power 
supply, high temperature, and carbon dioxide generation, it is considered as potentially more sustainable than all 
other existing ways (like steam reforming of fossil fuel, electrolysis of water, thermal power concentration, biomass 
conversion, etc.) [3] those lead to “Hydrogen Economy”, arguably the most-sought solution of global energy crisis,
which advocates the transition from the utilization of energy sources (like fossil fuels) to the use of energy vectors 
(i.e. hydrogen) in various sectors including motive power, automobiles, portable electronics, etc [4].
Many efficient photocatalysts which can act under ultraviolet spectrum has already been developed [3].
However, unfortunately, only 4% of the incoming solar energy consists of spectrum in the UV range, whereas 43% 
of it consists of visible light [5]. So, a facile and versatile recipe to synthesize a stable photocatalyst that is capable 
of harvesting less energetic but more abundant visible photons is a matter of extensive research, till now[3][6]. In 
attempt to develop such a catalyst, the systems those were synthesized exhibiting high stability and giving decent 
reaction rate with good quantum efficiency are of extremely complex structure. Moreover, cumbersome synthesis 
route involving doping of different materials, complicated core-shell nanostructure preparation, etc is necessary in 
most of the cases [6]. Here, in this paper, we describe a simple and efficient approach to facilitate photocatalytic 
water-splitting under visible range of light, via single-stage-route (i.e. not mimicking Z-Scheme). We are here 
modifying Copper (I) Oxide, a well-known p-type semiconductor [7][8], with Ruthenium (IV) oxide nanoparticles 
to use as a photocatalyst under visible light range, for overall water splitting.
2. Choice of photocatalyst 
The overall photocatalysis scheme consists of three intermediate steps: a) absorption of photon (of visible light 
range) and electron-hole pair generation, b) charge separation and migration to surface and c) surface reaction. For 
successful decomposition, there exist some stringent requirements those should be satisfied by the catalyst material.
Figure 1. Three steps of photocatalytic water-splitting. Step 1: Absorption of photon (of visible 
light range) and electron-hole pair generation, Step 2: Charge separation and migration to surface. 
Step 3: Surface reaction (oxidation and reduction).
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In the first step, photocatalyst molecule absorbs photon from incident natural sunlight or any other artificial
light. After the energy has been absorbed, the reaction may or may not go to the second step depending upon the 
generation of electron-hole pair, feasibility of which is determined by the band gap of catalyst and also on the 
energy of excitation. Most of the photocatalysts, used in this reaction till date, are basically semiconductors. In that 
case, the bottom level of the conduction band has to be negative with respect to the redox potential of H+/H2 (0V 
vs. NHE), while the top level of the valence band has to be positive with respect to the redox potential of O2/H2O
(1.23 V vs. NHE). Therefore, the theoretical minimum band gap for water splitting is 1.23 eV. On the other hand, if 
the band gap becomes greater than 3 eV, the semiconductor photocatalyst can no longer use visible photons to 
generate electron-hole pair.
So ideally a material should be found (or have to be prepared via band-gap modification techniques like doping)
whose band gap is greater than 1.23 eV and less than 3 eV, for overall water splitting under visible light range of 
light. It was seen that metal oxides with d0 and d10 metal cations are promising candidates [9][10]. In that case also, 
the difference between the bottom of conduction band (consisting of empty d or sp orbitals) and top of the valance 
band (consisting of O2P orbitals) is usually greater than 3 eV [9] and that is why doping is necessary for almost all 
materials. However, copper (I) oxide, a well-known p-type semiconductor with metal cation configuration of d10,
has a band gap of ~ 2.1 eV [7][8][11] and seems to be an ideal choice for water decomposition reaction under 
visible light range [8][11][12]. We took it as our basic catalyst.
After generation of charged pair, second step starts where they get separated and move to the surface of 
photocatalyst molecule. If there are crystal defects, then there is probability of recombination of electron and hole.
Again if there is no active site on the surface, reaction cannot take place and electron-hole pair will be lost. To 
prevent this, we modified Cu2O with RuO2 nanoparticle which is well-known for providing reaction site 
[5][6][9][10][13] for photocatalytic water decomposition.
In the final step, surface reaction takes place where H+ get reduced to hydrogen gas by accepting electron and 
water get oxidized to oxygen gas by accepting a hole. It is believed that loaded co-catalyst (RuO2 in our case) helps 
here too by decreasing the activation energy for hydrogen gas evolution [6].
3. Experimental 
3.1. Materials
Copper (I) Oxide [Cu2O] of 99.99% purity was bought from Sigma-Aldrich. Triruthenium dodecacarbonyl 
[Ru3(CO)12] of 99% purity was also from Sigma Aldrich. Both of them were used without any pre-treatment. 
Tetrahydrofuran (THF) was purchased from Merck Millipore. All other chemicals were local products of analytical 
grade. Distilled water was used throughout the whole experiment.
3.2. Preparation of photocatalyst
For the photocatalyst preparation, we have used modified route of RuO2 loading reported by Sato et al. [10].
Basically, triruthenium dodecacarbonyl [Ru3(CO)12] was impregnated up to incipient wetness into Cu2O. Then the 
ruthenium carbonyl complex was oxidized to RuO2.
First the pore volume of copper(I) oxide was determined, which came out to be 0.45 cc/g. Some amount of 
Cu2O was taken in a beaker. THF was taken (equal to the pore volume of Cu2O) in a separate test tube and some 
amount Ru3(CO)12 was added into it and a solution was prepared in such a way that final catalyst contains 1 wt% 
RuO2. This solution was added into the beaker containing Cu2O. Now THF was removed from the mixture by 
heating it at 85°C for one hour. Finally Ru3(CO)12 was oxidized in air to produce RuO2 by heating at 350 °C for 5 
hours. The prepared catalyst was later characterized by Field emission scanning electron microscope (FE-SEM). 
The process can be shown schematically as: 
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3.3. Water splitting reaction
Photodecomposition of water was done in a Pyrex cell, taking 0.5g of as-prepared catalyst in 200 mL distilled 
water. As Cu2O is insoluble in water, the water-catalyst mixture was vigorously stirred magnetically to ensure that 
catalyst remained suspended. A 300 W Xe lamp was used as the light source. We focused the light on the Pyrex
cell and then used a longpass filter so that YLVLEOH VSHFWUXPZLWKZDYHOHQJWKȜ!50 nm can pass through it. We 
used distilled water with pH nearly equal to 7 (i.e. the neutral water). The gases produced were determined by a gas 
chromatograph which was attached to the Pyrex cell in such a way that produced gases can directly enter it after 
evolution, without any contamination. We took total four runs, each lasting for hundred hours. The reaction system 
was emptied after each run.
4. Results and discussion
From the FE-SEM images below it is quite clear that RuO2 nanoparticles of around 10 nm created a layer over 
Cu2O particles of submicrometer range. These nanoparticles acted as co-catalyst throughout the reaction and acted 
as hydrogen evolution site.
Figure 3. a) FESEM image of Bare Cu2O b) SEM image of Cu2O Loaded with RuO2 Nanoparticle
Figure 2. Scheme for photocatalysis synthesis
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Quite interestingly, we got some nanowire morphology in some catalyst particles. That is quite evident from 
the FE-SEM image below. 
Figure 4. FE-SEM images of CuO nanowires loaded with RuO2 nanoparticles
These were probably CuO nanowires, produced due to oxidation of Cu2O, in high temperature. We need to 
investigate further to determine the exact composition of photocatalyst (the ratio of CuO and Cu2O). However, we 
can expect that this CuO nanowires will help in the overall photocatalysis process instead of hindering as it has a 
band gap of 1.2-1.3 eV and it is known for exhibiting catalyst property in water-splitting under ultraviolet as well as 
visible light range [11]. 
The graph below indicates that water is splitting to produce hydrogen and oxygen simultaneously and nearly 
stoichiometrically. The weight of the catalyst remained virtually unchanged, even after 400 hours of reaction.
Figure 5. Rate of production of Hydrogen and Oxygen with Time
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Initially rate of production of oxygen seems to be more than that of hydrogen. This queer phenomenon can be 
explained from the fact that Cu2O absorbs huge amount of oxygen in bulk as well as surface as O
- or O2- form 
naturally [14]. So it may be possible that absorbed oxygen got released at the initial stage of reaction.  
We have observed that the reaction does not take place if it is done in dark. That confirms that the reaction is 
indeed dependent upon incident photons. Again, using different cut-off filter we have seen that the rate of water 
VSOLWWLQJGHFUHDVHVFRQVLGHUDEO\DIWHUȜ!550 nm and there is practically no splitting when light wavelength exceeds 
600nm. The quantum efficiency was measured using a silica photodiode and we found it is nearly 0.45% at 500nm 
wavelength of light.
5. Conclusion
In conclusion, here we present a facile protocol of making a photocatalyst system for water splitting under 
visible range of light. Cu2O was chosen as catalyst in the first place as it excellently satisfies the stringent band gap 
requirement, mentioned earlier.  RuO2 nanoparticle loaded Cu2O powder was successfully developed to work as 
photocatalyst, without employing any cumbersome synthesis route like doping of one material into another, core-
shell nanostructure preparation, photodeposition, etc. Using the as-prepared photocatalyst, near-stoichiometric 
overall decomposition of water under visible light range with decent quantum efficiency was achieved. RuO2
nanoparticles, impregnated up to incipient wetness, worked as a co-catalyst to help hydrogen generation, as 
expected.  The troublesome via-mediator-electron-transfer mechanism of Z-scheme was avoided here intentionally.
Interestingly, the weight of the photocatalyst material remains practically unchanged even after four hundred 
hours of reaction and this indicates the stability of our prepared catalyst system. Again, the moles of hydrogen and 
oxygen evolved are clearly comparable with the moles of catalyst taken. This shows the decent rate of reaction and 
also gives good indication that gases are getting produced from water itself.
6. Future work
As our future work, we have planned to immobilize the catalyst system onto a glass substrate to increase its 
quantum efficiency. We are particularly interested in low-cost and energy-efficient immobilization via “Click” 
chemistry, i.e. Copper(I)-catalyzed-azide-alkyne cycloaddi tion. While well-established protocols for alkyne-
functionalization and azide-functionalization of glass substrate are already there [15], we are currently exploring 
options to functionalize a suitable photocatalyst material with either azide or alkyne, to attach it to glass via “click” 
reaction and to modify the catalyst via co-catalysts so that entire system can decompose water effectively.
Also, we have noted that there is a huge potential of increasing oxygen evolution rate by loading suitable 
nanoparticulate co-catalyst that can act as hole capture site to enhance water oxidation reaction [16]. This approach 
enables us to bypass the use of problematic shuttle redox mediators in traditional Z-Scheme water splitting. That is 
why we are right now searching for a convenient nanoscale material to load into our catalyst system that can 
efficiently work as oxygen-evolution co-catalyst, in harmony with original system.
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